Access to multicarbene complexes of a fused thienothiophene substrate was obtained by the use of the tetrabrominated thieno [2,3-b]thiophene precursor in a lithium-bromide exchange reaction, followed by nucleophilic attack on metal were also obtained in high yields, and the molecular structures of the tungsten complexes, with the exception of 9 and 11, were confirmed by single crystal X-ray diffraction studies.
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Introduction
The application of Fischer carbene complexes as template functionalities in organic chemistry is well studied and exploited. 1 Literature on the synthesis and reactivity of Fischer carbene complexes often reports a series of similar substrates to prepare classical monocarbene complexes, but the approach neglects the possibilities that a single substrate has to offer in multiple carbene complex synthesis. Although N-heterocyclic carbene complexes have found extensive application in multiple carbene functionalities on single substrates, 2 a similar strategy has not been developed in the chemistry of classic heteroatom-stabilized Fischer carbene complex-types. One way to increase the number of carbene ligands on a single substrate entails the synthesis of biscarbene complexes by sequential or dilithiation of a suitable substrate or by chelate formation. 3 The preparation of a mononuclear bisalkoxycarbene chelate is challenging because the Fischer porcedure requires a 1,2-dianion on the substrate during the synthesis. The proximity problem of dianions in benzene and olefins has been addressed previously by the successful preparation of the first examples of symmetrically substituted biscarbene chelates (Figure 1, A) . 3 Dötz and co-workers prepared analogous biscarbene chelates from N,N'-diphenylhydrazine. 4 Recently we prepared the first examples of asymmetric bisalkoxycarbene complexes with two carbene ligands in electronically different environments and were surprised to find that the compounds were of relatively high stablility. Examples of such chelating biscarbene complexes attached to a thiophene backbone are shown in Figure 1 (B and C). 5 Chelation in B occurs as a result of the steric and electronic properties of the fused N-methylpyrrole ring, which blocks one side of a thiophene ring and renders the β-proton of the thiophene ring comparable in acidity to the α-proton of the pyrrole ring. Hence, the second deprotonation can occur at either the α-position to the nitrogen atom or at the 3-position of the thiophene ring as both the chelate and biscarbene complexes have been isolated from the same reaction.
In C, the desired chelation reaction could only be achieved after careful selection of the thiophene substrate. In 2-methyl-4-bromothiophene, a methyl substituent blocks one of the reactive α-positions while the bromo-substituent activates the 4-position to accommodate the lithium-bromine exchange reaction and facilitates chelation. The interest in heteroaromatic sulphur-containing ring systems lies in their electron excessive and planar properties which are transferable to long chain oligo-and polythiophenes, leading to exceptional charge transfer and conductivity in these compounds. 6 The thiophene units in linear α-substituted chains (bithiophene or polythiophenes) tend to retain the thiophene characteristics with regard to proton acidities or even amplify them (charge transfer). In comparison, the planar complexes consisting of fused thiophene rings have a more rigid structure resulting in better overlap of p π -orbitals and therefore show even more efficient π-resonance effects. 7 Condensed thienyl rings retain optoelectronic and semiconducting properties but allow for the introduction of other characteristics. These molecules display higher voltage electronic band gaps and greater stability when compared to α-oligothiophenes. Unlike the chain structured thiophenes, 8 annulated thiophenes are rather unexplored when it comes to their organometallic chemistry. 9 The electron-withdrawing properties of the attached Fischer carbene moieties in combination with the charge transfer properties of thiophenes, hold great promise for potential application in this fast growing area of electronic and photonic thiophene materials. We report herein the syntheses of thieno [2,3-b] thiophene chelates and compare their spectral properties and structural features with the thiophene analogues. This work forms part of an ongoing study of the chemistry of multicarbene and mulitimetalcarbene complexes.
10
Results and discussion Thiophene and thieno[2, thiophene are commercially available but the latter can be synthesized from trimethylsilyl-1,3-pentadiyne, 11 which in turn is accessible from 1,4-bistrimethylsilyl-1,3-butadiyne. 12 Utilizing the most common Fischer method for the synthesis of metal-carbene complexes, different classes of Fischer carbene complexes could be prepared in this study. Commonly an anionic substrate reacts as a nucleophile with a carbonyl ligand of a neutral metal carbonyl precursor to form a metal acylate. After subsequent alkylation with an appropriate alkylating agent, the neutral Fischer carbene complex is generated. Thiophene and thieno [2,3-b] thiophene were selected as substrates for the lithiations. The first lithiation (deprotonation) occurs at the most acidic protons α to the sulfur atoms while the lithium-halogen exchange reactions will readily include β-positions. The mono-and biscarbene complexes, [M(CO) 5 {C(OEt)C 6 H 3 S 2 }] (M = Cr 1, W 2)
and [M(CO) 5 C(OEt){C 6 H 2 S 2 }C(OEt)M(CO) 5 ] (M = Cr 3, W 4), could be prepared in good yields using this method (Scheme 1), whereas the synthesis of the corresponding mon-and biscarbene complexes of thiophene have been reported earlier. The addition of 1.5 equivalents of n-BuLi for each equivalent of thieno [2,3-b] thiophene was used to optimize the projected yields of the mono-and dilithiated thieno [2,3-b] thiophene, simultaneously obtaining both mono-and biscarbene products from the same reaction mixture. After the formation of the lithiated intermediates they were reacted with 1.5 equivalents of chromium or tungsten hexacarbonyl, and alkylation with excess triethyloxonium salt to afford the target products.
Products were purified with column chromatography with an overall yield of 80-90% of 1-4, Scheme 1. The biscarbene complexes of thieno [2,3-b] thiophene (3, 4) display greater stability in solution (reactivity towards carbene oxidation) compared to analogous thiophene and linearly arranged thiophene biscarbene complexes. 13, 14 If the above method is performed in a stepwise procedure of lithiations and reactions with the appropriate metal carbonyls, the method allows for the preparation of mixed metal biscarbene complexes. 14 To illustrate this, the mixed dimetal biscarbene complex 5 [Cr(CO) 5 C(OEt){C 6 H 2 S 2 }C(OEt)W(CO) 5 ] was prepared. The addition of a single equivalent of both thieno[2,3-b]thiophene and n-BuLi was followed by the addition of one equivalent of chromium hexacarbonyl to form the chromium acylate. The reaction was continued by the addition of a second equivalent of n-BuLi followed by an equivalent of tungsten hexacarbonyl, forming the heterobimetallic bisacylate. The reaction was completed by alkylating with excess triethyloxonium tetrafluoroborate. After gradient elution on a silica gel column, four products, 1, 2, 3 and 5 (Scheme 2), were isolated. The outcome of the reaction was only moderately successful with the desired mixed dimetal biscarbene complex representing only a quarter of the products in the reaction mixture. The simultaneous formation of some dilithiated species during the first lithiation step and reaction with a metal carbonyl resulted in homogenous metal carbene formation. The main product, after the first lithiation and reaction with the chromium hexacarbonyl, was the monochromium acylate along with a significant portion of the 5,5'-bisacyldichromate. In addition, the monocarbene of tungsten carbonyl also formed and indicated that a portion of the thieno[2,3-b]thiophene was not lithiated during the initial reaction with n-BuLi. The absence of ditungsten biscarbene complex 4 confirmed that an excess of n-BuLi was not used during the second lithiation. Nevertheless, the stepwise acylate-formation method was successful in producing a workable yield of the heterobimetallic Fischer biscarbene complex 5. Compounds 1 and 2 were purified by column chromatography and crystallization, while 3 and 5 were collected as one fraction and co-crystallize from a dichloromethane-hexane mixture.
Scheme 2: Synthesis of a mixed metal biscarbene complex of thieno [2,3-b] 
The scope of Fischer carbene synthesis is highlighted when the characteristics of lithium-hydrogen (deprotonation) and lithium-halogen exchange reactions are carefully combined and exploited to selectively target lithiations at specific sites on the thiophene substrates. The formation and chelation of biscarbene ligands require the second lithiation to occur at an adjacent, normally less reactive, site on the thiophene ring. Hence, activating the less reactive β-positions by a favoured lithium−halogen exchange reacƟon is feasible. The trick for preparing such chelated carbene complexes on a thiophene ring is not to prepare the unstable 1,2-dianion, but to sequentially produce an anion which forms the first metal acylate and can immediately stabilize the formation of the second anion. The synthesis of 6 and 7 is optimized by reacting 3-bromothiophene with one equivalent lithium diisopropylamine (LDA). LDA favours deprotonation at the 2-position of thiophene and leaves the bromo-substituent unaffected in the 3-position. As a result, this will generate the key 4 ] affords 6 and 7 in moderate yields (Scheme 3a). Intermediate D is also accessible using n-BuLi instead of LDA, but in lower yields. In this instance a lithium-bromine exchange reaction is favoured and gives 3-lithiothiophene which immediately participates in a trans-lithiation reaction with a second 3-bromothiophene, yielding D.
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Scheme 3: Synthesis of thiophene chelates from 3-bromothiophene (a) and tetrabromothiophene (b): (i) 1 eq. LDA, (ii) 1 eq. M(CO) 6 , (iii) 1.2 eq. n-BuLi and (iv) excess [Et 3 
The synthesis of the bischelated tetracarbene complexes 8 and 9 was targeted. The most stable position for anion formation is at the most acidic proton in the thiophene's α-position. Thus, it is not necessary to remove α-bromosubstituents of tetrabromothiophene to form 3,4-dibromothiophene in order to prepare the bischelated tetracarbene complexes of thiophene 8 and 9 directly from substrate tetrabromothiophene. The best method was to dilithiate with 2.5 equivalents n-BuLi at the α-positions and react the lithiated species with two equivalents of metal hexacarbonyl to give 2,5-dinuclear bisacylates (Scheme 3b). The acyl charge is delocalized over the metal pentacarbonyl fragments, facilitating the lithium-bromine exchange reaction in the 3-and 4-thiophene positions on addition of a second portion of 2.5 equivalents n-BuLi. Intramolecular reactions with a second carbonyl ligand on each of the metal pentacarbonyl units on either side of the thiophene ring resulted in the formation of two bisacylate chelate rings. Alkylation with excess 4 ] afforded the dichelated tetraethoxycarbene complexes (8, 9) . Similarly, the precursor 4,4'-dibromo-thieno[2,3-b] thiophene was considered a suitable substrate to extend the thiophene work to the fused thieno [2,3-b] thiophene system, as it would require the combination of deprotonation (5-and 5'-positions) and lithium-halogen exchange reactions (4-and 4'-positions) . However, the synthesis of 4,4'-dibromothieno[2,3-b] thiophene requires the initial formation of 4,4',5,5'-tetrabromothieno[2,3-b] thiophene, followed by the debromination of the 5-and 5'-positions. 11, 15 Thus, as the thiophene results indicated that it was possible to obtain both mono-and bischelated carbene complexes from the tetrabromothiophene precursor, 4,4',5,5'-tetrabromothieno[2,3-b] thiophene was chosen as substrate to target the formation of both classes of chelated complexes (10, 11, 14 and 15) . 
Scheme 4: Synthesis of chelated biscarbene complexes: (i) 2.4 eq. n-BuLi, (ii) 2 eq. Cr(CO) 6 or W(CO) 6 , (iii) excess
The first lithiation occurs at an α-position and the second at the other α-position. If no further lithium reagent was used after reaction with the metal carbonyl and alkylation, the resulting reaction products were the dinuclear biscarbene complex of the particular metal used (3, 4). The formation of biscarbene complexes 3, 4, 10 and 11, in very low yields, provides evidence of incomplete lithiations. The addition of a further 2.4 equivalents of n-BuLi yielded the desired bischelated tetra-acylates, which result in the bischelated neutral tetracarbene complexes 14 and 15 after alkylation.
Incomplete lithiation during the second lithiation step results in the precursor intermediates for the unique complexes 12 . A large excess of alkylating agent has been implicated experimentally to play a role in the removal of remaining bromines from intermediates. 16 The formation of 10 and 11, in low yields, indicates a lithium-halogen exchange reaction at a less favoured reaction site (4-position) while a more reactive site (5'-position) was still available and remained unaffected. The chelated biscarbene complexes are relatively stable, although flash chromatographic methods were employed for separation.
Spectroscopic Characterization
In the Figure   2b shows the 13 Structural studies of the carbene complexes.
The molecular structures of 2, 4, 5, 7, were studied by single crystal X-ray diffraction analyses. The crystal structures display a planar thiophene or thieno [2,3-b] thiophene moiety attached to a metal carbonyl fragment and an ethoxycarbene substituent. In 5, the crystal structure refinement indicated 68% chromium and 32% tungsten at one metal location (Cr1/W1) and 70% chromium and 30% tungsten at the other metal location (Cr2/W2). This means that 3 co-crystallized with 5 in a ratio of 38:62 and was confirmed by peak integration in the 1 H NMR spectrum of 5. The monoand biscarbene complexes (1) (2) (3) (4) (5) all have the ethoxy substituent on the same side of the adjacent thiophene sulfur atom, while the orientation of the ethoxy substituents in 6-15 are determined by the rigidity of the chelate rings.
In the molecular structures, one linear pair of the cis-pentacarbonyl ligands usually bend away from the carbene. By contrast, the pair of cis-tetracarbonyl ligands, perpendicular to the chelate ring, bend towards the chelate ring. For the mono-and biscarbene complexes (2, 4 and 5) as well as 13, only one pair of the cis-pentacarbonyl ligands, per complex, were shown to bend away significantly. For 2 this deviation from linear is −9.2(1)°, while the greatest deviations in 4 and 5
are ca −7°. In the tetracarbonyl complexes the greatest deviations of the cis-carbonyl ligands are in 15 (7.7(1)° and 5.6(1)° respectively). 1.429(7) and 1.374(7) (internal). 11 The C-C bond common to both the chelate and the thiophene rings, have similar distances for 7, 13 and 15. Crystal packing properties of 5, 7, 13 and 15. The packing of 5, 7, 13 and 15 varies from grid-like networks ( Figure 10a and b (5 and 7)), to "wheels" (Figure 10c . 20 The packing of 5, viewed down the crystallographic a-axis, shows columns that are parallel-packed together in an interlocked non-planar fashion. The thiophene rings stack in the crystal structure but without π-π interaction (separation distance of 13.056 Å). The formation of a grid-like network is evident from the view along the crystallographic a-axis, Figure 10a , consisting of two dimers that pack antiparallel to each other. In the case of 7, the grid-like network consists of two dimers that pack parallel to each other and the OˑˑˑH interactions now occur predominantly between the oxygens of carbonyl ligands and the α-hydrogen of a thiophene ring or a hydrogen on the methylene or methyl group. (Figure 10b ). The packing of 13, viewed down the crystallographic c-axis, consists of columns of "wheels" that pack parallel to each other. Each "wheel" contains two dimers that pack antiparallel to each other, with the four chelated rings facing to the outside, Figure 10c . tetrafluoroborate. 22 All operations were carried out using standard Schlenk techniques under an inert atmosphere of nitrogen or argon. Silica gel 60 (particle size 0.063-0.20 mm) was used as resin for all column chromatography separations.
Anhydrous THF (tetrahydrofuran) and hexane were distilled over sodium metal and DCM (dichloromethane) over CaH 2 .
NMR spectra were recorded on Bruker ADVANCE 500, Ultrashield Plus 400 AVANCE 3 and Ultrashield 300 AVANCE 3 spectrometers, at 25°C, using CDCl 3 and/or C 6 D 6 as solvent. 128.00 ppm, respectively. Numerical numbering of atoms for NMR spectral assignments is indicated in Figure 11 . Infrared spectroscopy was performed on a Bruker ALPHA FT-IR spectrophotometer with a NaCl cell, using hexane as solvent. Mass spectral analyses were performed on a Synapt G2 HDMS, by direct infusion at 10 μL/min, with negative electron spray as ionization technique for compounds 1-5 and 10-15. Samples were made up in 100% MeOH to an approximate concentration of 10 µg/mL. The m/z values were measured in the range of 100-1500. Elemental analysis data for 6-9
were obtained from a Thermoscientific Flash 2000 organic elemental analyser.
Crystallography. Single crystal diffraction data for 2, 4, 5, 13 and 15 were collected at 150 K on a Bruker D8 Venture diffractometer with a kappa geometry goniometer and a Photon 100 CMOS detector using a Mo-Kα IμS.micro focus source.
Data for 7 were collected at 293 K on a Siemens P4 diffractometer fitted with a Bruker SMART 1 K CCD detector using graphite-monochromated Mo-Kα radiation by means of a combination of phi and omega scans. Data were reduced and scaled using SAINT. 23 Absorption corrections were performed using SADABS. 23 The structures were solved by a novel duelspace algorithm using SHELXTS 24 (2, 4, 5, 13 and 15) or by direct methods (7) and were refined by full-matrix least-squares methods based on F 2 using SHELXL. 25 All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were placed in idealized positions and refined using riding models. The CIF files for complexes 2, 4, 5, 7, 13 and 15 are available as Supporting Information. ] in DCM and subsequently allowed to reach room temperature. The reaction mixture was filtered through a small silica gel plug using DCM and the solvent was removed under reduced pressure. After absorbing the reaction mixture on silica, it was dry loaded onto a silica gel column. The respective products (1) (2) (3) (4) were separated by column chromatography using gradient elution with hexane and DCM. THF was cooled to -78°C and n-BuLi (1.25 mL of a 1.6 M solution in hexane, 2.0 mmol) was added. Within 5 min , metal hexacarbonyl, Cr(CO) 6 (0.44 g, 2 mmol) or W(CO) 6 (0.70 g, 2.0 mmol) was added and the solution was warmed to room temperature and reacted until all the metal carbonyl was converted. The solution was cooled to -78°C and a second portion of n-BuLi (1.25 mL, 2.0 mmol) was added and the reaction mixture was warmed to room temperature. (14) [{W(CO) 4 {C(OEt)} 2 } 2 C 6 S 2 ] (15 
